R e c e n t l y we i n t r o d u c e d t h e " i c e t e mp l a t i n g " me t h o d , a new method which allows the synthesis of nanoporous materials with unique morphology, such as microfibers and microhoneycombs. In this method, materials are synthesized by freezing their parent hydrosols or hydrogels unidirectionally. Ice crystals which grow within the precursor during freezing act as the template. Therefore, the template can be easily removed through simple thawing and drying, which is a unique and beneficial feature of this method. This paper will first describe the outline of this new method and next, the details about methods to control the dimensions of the materials obtained through it. Comments about the range of applicability of this method will also be provided.
came across two industrial techniques which exploit freezing, the freeze gelation method [13] [14] [15] , and the unidirectional freezing method [16] [17] [18] .
Freeze gelation is a technique which uses freeze concentration to accelerate sol-gel polycondensation.
When a sol is frozen, pure ice crystals, which sizes are fairly uniform, are randomly formed within it, resulting in the concentration of the sol between the growing ice crystals. This concentration leads to the acceleration of sol-gel polycondensation and the sol readily transfers to a gel. This concentration effect is extremely significant. For example, a sol which is extremely stable at room temperature can be easily transformed to a gel by freezing. Microstructures which maintain the unique morphology induced during freezing can be obtained by thawing and drying the frozen material.
In unidirectional freezing, a hydrogel of a metal oxide is frozen unidirectionally. Such freezing can be conducted, for example, by dipping the material into a cold bath which temperature is maintained below the freezing point of the material. During unidirectional freezing, an array of needle-shaped ice crystals appears within the hydrogel and elongates in the direction of freezing. This causes the partitioning and condensation of the gel between the growing ice crystals. Gel fibers with polygonal cross sections can be obtained by thawing and drying materials frozen this way.
The unidirectional freezing method was originally developed to obtain long and strong fibers, so this method was solely applied to thoroughly aged hydrogels which structures were hard and firm. However, as is proven in freeze gelation, freezing accelerates sol-gel polycondensation, therefore we assumed that the unidirectional freezing method can also be applied to soft hydrogels and even to hydrosols. By widening the range of application, gels in forms other than polygonal fibers can be expected. Based on this concept, the " ice templating"method was developed [19] [20] [21] [22] [23] [24] [25] . This paper will first describe the outline of this new method and next, the details about methods to c o n t r o l μ m s c a l e d i me n s i o n s ( f i b e r d i a me t e r a n d mi c r o h o n e y c o mb c h a n n e l s i z e ) a n d n m s c a l e d i me n s i o n s (micropore and mesopore size) of the materials obtained through it. Comments about the range of applicability of this method will also be provided.
ICE TEMPLATING METHOD
Silica was selected as the model substance to confirm the applicability of unidirectional freezing to soft hydrogels and hydrosols [19, 20] . Silica can be prepared through a wide variety of methods using various sources. Here we prepared silica from a sodium silicate solution through sol-gel polycondensation.
First, a commercial sodium silicate solution was diluted with pure water to a desired Si concentration.
Next, the pH of the solution was adjusted using an ion exchange resin. Then, the resulting solution was poured into a polypropylene tube. The tube was maintained at a certain temperature and the solution in it was aged for a certain period. Normally, the solution in the tube will become viscous during this aging process, and after a certain time elapses, the solution will transform to a hydrogel. The firmness of the silica precursor was adjusted by controlling the time allowed for it to age before applying unidirectional freezing.
We unidirectionally froze solutions aged for different times by dipping the tubes which include them into a cold bath at a constant rate. After the samples were completely frozen, they were aged for a certain period and thawed. Finally, the thawed samples were dried. The usage of freeze drying in this drying process enables the further development of nanopores in the resulting material.
When thoroughly aged hydrogels were froze unidirectionally, as expected, microfibers with polygonal cross sections were obtained ( Fig. 1 (d) ). However, we found that silica with 3 other types of morphology can be obtained by adjusting the firmness of the precursor before applying unidirectional freezing. The unidirectional freezing of sols with low viscosity gave lamella sheets ( Fig. 1 (a) ), and as the precursor sol became viscous, flat fibers appeared ( Fig. 1 (b) ). Sols which are about to transform to a gel, and freshly gelled hydrogels gave microhoneycombs ( Fig. 1 (c) ). As all 4 types of morphology are obtained using ice crystals as the template, we named this method the ice templating method. Among the 4 types of morphology, microhoneycombs and polygonal fibers are expected to have many practical applications. Figure 2 shows a confocal laser micrograph of typical silica polygonal fibers obtained through ice templating. It can be noticed that the fibers are translucent, and have µm-sized diameters. Therefore it is assumed that the ice crystals formed around them during synthesis are straight, and also have µm-sized polygonal cross sections. Through nitrogen adsorption experiments, it was confirmed that such fibers have developed nanopores within their structure ( Fig. 3) . Therefore, if a bundle of such fibers is packed into a column, µm-sized pathways will be formed between the aligned fibers, so this column can be considered as a material with a hierarchical pore system, in which nanopores are directly connected to µm-sized macropores.
The overall shape of a microhoneycomb obtained through ice templating depends on the shape of the vessel used for synthesis. We typically use polypropylene tubes, so cylindrical monolithic honeycombs, as shown in Fig. 4 (a) are obtained. By observing the micrographs of the cross section ( Fig. 4 (b) , (c)) and vertical section ( Fig. 4 (d) ) of the silica microhoneycomb, it can be noticed that the cells of the microhoneycomb are µm-sized straight channels. As such channels are formed through the removal of ice crystals which were formed during unidirectional freezing, this result indicates that the ice crystals are straight and have µm-sized polygonal cross sections. A high magnification micrograph of the honeycomb wall ( Fig. 5 (a) ) tells us that the walls of the cells are formed by nanoparticles, and have developed nm-sized pores within them. These facts were also confirmed through adsorption experiments ( Fig. 5 (b) ).
Therefore such microhoneycombs are also materials equipped with a hierarchical pore system. Interestingly, it was found that both microhoneycombs having microporous walls (SMH-1), and those having mesoporous walls (SMH-2) can be synthesized by adjusting preparation conditions, such as the pH of the starting solution.
STRUCTURE CONTROLLING
As we found that materials with unique hierarchical pore systems can be obtained through ice templating, next we attempted the precise controlling of the hierarchical pore system [23] .
The first step in structure controlling is morphology controlling. As mentioned above, in the ice templating method, the morphology of the sample depends on the firmness of its precursor. The firmness of a hydrogel is governed by two factors, the intrinsic tendency of the gel to harden, and the extent of the sol-gel reaction. The first factor can be controlled by preparation conditions such as the Si concentration and pH of the starting solution in the case of silica, and the intrinsic tendency of the gel to harden can be judged by the gelation time. The second factor can be adjusted by simply controlling the reaction time.
Therefore it is assumed that precise morphology controlling can be conducted by adjusting these 2 factors. The next step in structure controlling is the controlling of µm scale structures, or in other words the controlling of the channel size of microhoneycombs, and the diameter of microfibers. Mahler et al. reported that the freezing of hydrogels is a similar process to the solidification of eutectic alloys [16] . It is known that when a molten eutectic alloy is solidified unidirectionally and a cellular structure appears, the intercellular spacing can be expressed as a function of (GR) -1 , where G is the temperature gradient at the liquid-solid interface and R the solidification rate [26] . In ice templating, R can be taken as the freezing rate v f , and it is natural to assume that G is proportional to the difference between room temperature T r and freezing temperature T f . Therefore, it is assumed that the sizes of µm scale structures will be proportional
In order to confirm this relationship, we actually produced silica fibers and microhoneycombs under various freezing conditions and plotted their diameters and channel sizes against the freezing parameter, {v f (T r -T f )} -1 . Figure 6 shows the results of silica microhoneycombs. In can be noticed that as expected, the channel size of microhoneycombs can be expressed as a function of {v f (T r -T f )} -1 . The same trend was observed in the case of silica microfibers. This indicates that in ice templating, the sizes of µm scale structures can be easily controlled by simply adjusting freezing conditions. This is an extremely advantageous feature, since the size of macropores in such materials is extremely important, as it significantly affects the mass transfer abilities of the material, particularly the pressure drop which occurs when fluids are passed through them.
The final step in structure controlling is the controlling of nm scale structures, namely the sizes of mesopores and micropores. Although the apparent density of silica microhoneycombs obtained through ice templating is around 0.1 g/cm 3 , which is an extremely low value close to silica aerogels, the density of the walls which form it is around 1.2 g/cm 3 , a value quite similar to those of conventional silica gels.
Moreover, we have confirmed through various structural analysis methods that the walls of silica microhoneycombs have nanostructures identical to conventional silica gels. Therefore, it is expected that conventional methods for controlling the micro-and mesoporosity of silica gels can also be used in the ice templating method. We showed that it is possible to change the micro-and mesoporosity of materials obtained through ice templating, by adjusting the pH of their parent sols [19] . However, the pH of silica sols significantly affects the time required for it to transfer to a hydrogel, and the firmness of the resulting silica hydrogel.
For example, when the pH is around 5, silica sols rapidly transform to gels, and they quickly become too firm to be transformed into a honeycomb structure. This indicates that there is a pH region in which it is impossible to obtain a microhoneycomb structure. Therefore in ice templating, the controlling of the pH of the parent sol is not an effective method to control the micro-and mesoporosity of the resulting material.
It is known that when silica gels with micro-and mesopores are immersed into a basic solution, smaller nanoparticles which compose the silica gel matrix dissolve and reprecipitate on the surface of larger nanoparticles, a phenomenon often referred to as " Ostwald ripening." This leads to an increase in the average size of the pores. Therefore, it is expected that the sizes of nanopores can be controlled in a wide range by adopting this hydrothermal treatment method. Moreover, as µm scale structures such as fiber diameter and microhoneycomb channel size are already determined at the freezing stage of ice templating, it is expected that the micro-and mesoporosity of the samples can be controlled independently from their macroporosity if this hydrothermal treatment method is employed.
To verify this, silica samples were synthesized through unidirectional freezing and after thawing them, they were immersed into NH 3 solutions of different concentrations C N and temperatures T ht , and were treated for 5 days. The nitrogen adsorption isotherms of typical samples, and mesopore size distributions derived from them are respectively compared in Figs. 7 and 8. Sample (a), which was not hydrothermally treated, shows a type I isotherm, which indicates that it is microporous. However, the treated samples show type IV isotherms, which indicates that they have developed mesopores. It was found that the sizes of micro-and mesopores in the walls which form the microhoneycombs can be controlled in a wide range of 2 to 45 nm by adjusting treatment conditions. It was also found that the microporosity of the samples tend to decrease with the increase in T ht . On the other hand, the sizes of mesopores increase, and the mesopore size distribution tends to broaden with the increase in T ht . The effects of C N were much more different than those of T ht . Only the sizes of mesopores changed when C N was increased. Therefore, it can be said that by increasing C N , it is possible to increase the sizes of mesopores without hardly changing the total volume of mesopores and the sharpness of their size distribution. These results are consistent with results previously reported [27] .
From the results shown above, it can be concluded that a method to precisely control the morphology and hierarchical pore structure of materials obtained through ice templating has been established. By using this method, the morphology and the pore system of the resulting material can be tuned to make best use of the properties of the material in various processes.
RANGE OF APPLICABILITY
We also conducted studies to clarify the range of applicability of the ice templating method. In principle, the ice templating method can be applied to materials which can be obtained through sol-gel polycondensation. As silica is a typical inorganic material, next we verified the possibility to apply the ice templating method to organic gels [21, 24] .
Resorcinol formaldehyde (RF) gels were selected to represent this category, due to the similarity of its structure and preparation method to those of silica gels [28, 29] . RF hydrogels were prepared through the sol-gel polycondensation of resorcinol with formaldehyde using sodium carbonate as the catalyst and pure water as the diluent. First, the 4 ingredients were mixed, and after a homogeneous solution was obtained, the solution was cast into glass molds. The samples were maintained at a constant temperature, and after sol-gel transition occurred, the resulting RF hydrogels were aged for certain periods. Then the samples were thoroughly washed with pure water, and were frozen unidirectionally and thawed. A part of the resulting samples were treated hydrothermally in order to reinforce the network structure of the hydrogels and avoid the contraction of the nanopores formed within it. Finally, the samples were freeze-dried.
It was found that, like other gels, microhoneycombs and microfibers of RF gels can also be obtained using the ice templating method. In the ice templating method, fairly premature hydrogels must be used to obtain microhoneycombs, so the nanoparticles which form the material tend to be small. Naturally, the nanopores, which are formed within and between such nanoparticles, tend to become small. However, it was confirmed that nanopores can be developed by treating the microhoneycombs hydrothermally, as can be seen in the results of samples MH-3 and MH-7, microhoneycombs which were treated hydrothermally for 3 days and 7days, respectively.
As in other systems, the morphology which appears during freezing can be controlled by adjusting the degree of sol-gel polymerization of the parent hydrogel. Interestingly, as shown in Fig. 12 , formation of a self-standing bundle of partly connected polygonal fibers was observed during the transformation from microhoneycomb to independent polygonal fibers. It was also confirmed that the sizes of µm scale structures, such as the channel size of microhoneycombs and the diameter of microfibers, can be controlled by adjusting freezing conditions. It was found that RF hydrogels obtained through ice templating can be successfully converted to carbon through drying followed by carbonization. Figure 13 shows a typical microhoneycomb, prior to and after carbonization. Although slight shrinkage occurs, it was found that the samples can maintain their unique morphologies during carbonization. Figures 14 and 15 respectively show the nitrogen adsorption-desorption isotherms of typical carbon microhoneycombs, and the mesopore size distributions derived from the isotherms. The sample prepared using a RF hydrogel without hydrothermal treatment, CMH-0, shows a type I isotherm, indicating that this sample is microporous. However, it was found that by using RF hydrogels which were treated hydrothermally, mesoporous carbon microhoneycombs can be obtained, which can be confirmed in the isotherms and mesopore size distributions of the samples, CMH-3 and CMH-7, typical samples prepared using hydrothermally treated precursors. Therefore it can be concluded that the ice templating method also opens a new route to synthesize porous carbons possessing both a unique morphology and a hierarchical pore system.
It is known that the unique properties of metal oxides can be improved by combining them with a different metal oxide. Such binary metal oxides can also be synthesized through sol-gel polycondensation.
Therefore, finally we checked the applicability of ice templating to binary metal oxides [25] .
We selected silica-alumina to represent this category. Silica-alumina typically has a high surface area, so is widely used as adsorbents and catalysts supports. They also show solid acidity, so they can be used as catalysts. Several methods to synthesize silica-alumina have been developed, but in this work we adopted a method which uses inexpensive commercial chemicals, sodium silicate solution and aluminum nitrate, as the Si and Al source, respectively. Aluminium nitrate is thought to affect the sol-gel polycondensation of silica. It has been reported that Al species easily form an Al-O-Si polymeric network during the sol-gel stage when the synthesis pH is around 2 [30] . When silica gels are synthesized using the ice templating method, the synthesis pH is typically close to 2. Therefore, it is assumed that Al atoms can be easily incorporated into the silica framework during the sol-gel stage and form an Al-O-Si polymeric network.
First, a sodium silicate solution was prepared following the method adopted for silica gel synthesis.
Next, aluminum nitrate was added to the solution, and the Si/Al molar ratio of the solution was adjusted to a desired value. The resulting clear sol was cast in a Teflon ® mold, and the mold was kept at a constant temperature. After the sol transformed to a gel, it was further aged for a certain period. The resulting rod-shaped hydrogels were removed from the molds and were thoroughly washed with pure water. Then the hydrogels were placed into polypropylene tubes filled with pure water, and the tubes were frozen unidirectionally, by dipping them into a cold bath at a constant rate. After freeze drying, the samples were calcined in an air flow.
It was found that macroporous monoliths of silica-alumina can be obtained when fairly soft hydrogels were used as the precursor. Figure 16 (a) shows an overall image and a SEM image of the cross-section of a typical cylindrical monolith. On the other hand, when fairly firm hydrogels were used as the precursor, polygonal fibers were obtained, as in the case of silica gel synthesis ( Fig. 16 (b) ).
The morphology of silica alumina monoliths was quite different from that of silica microhoneycombs.
Although the cross-sections of silica alumina monoliths show voids with polygonal cross-sections, such
µm-sized channels were curved and interconnected. This means that their template ice crystals were also curved and interconnected. The morphology of such ice crystals resembles that of ice crystals generated through the simple freezing of hydrogels. When hydrogels are frozen by simply immersing them into a cold bath, ice crystals randomly grow within them. This is because the thermal gradient and the crystal growth rate at the freezing interface are not constant; therefore the ice crystals which grow within the hydrogel become non-uniform spheres which are randomly interconnected.
On the other hand, in unidirectional freezing, the thermal gradient and the growth rate of the ice crystals at the freezing interface are almost constant. Unstable ice crystal growth at the freezing interface might have been caused by impurities [31] .
Though the macropore structure of the silica alumina monoliths is not a perfect microhoneycomb, it still can be used as a macroporous monolith. It was confirmed that the macropores are highly interconnected and extend through the whole monolith, since a droplet of ink applied to one end of the monolith easily spreads to the other end. Thus, the obtained SiO 2 -Al 2 O 3 cryogel monoliths have interconnected macropores and thin walls, where diffusion paths are much shorter than those in conventional particles.
The nitrogen adsorption-desorption isotherms and mesopore size distributions of typical silica-alumina monoliths are shown in Figs. 17 and 18 , respectively. It can be noticed that the monoliths have developed micropores and mesopores within their structure. Therefore, although not as ordered as in the cases of silica and RF, the monoliths have a hierarchical pore system within them. It was found that the size and volume of mesopores tend to increase with the increase in the aging time prior to freezing, and with the decrease in the Si/Al ratio.
Next we investigated how the aluminum atoms are distributed within the obtained materials. Figure   19 shows a micrograph of a typical silica-alumina monolith, and the corresponding EDS mappings of Si and Al atoms. It can be confirmed that Al atoms are homogeneously dispersed without local aggregation in the silica framework. This was also confirmed through Raman spectroscopy, and 27 Al MAS-NMR.
It was confirmed that in the silica-alumina samples, Al atoms are incorporated into the silica framework by forming an Al-O-Si polymeric network. Therefore these samples are expected to show Brønsted acidity. We characterized the acidity of typical samples using the ac-TPD method [32] . Figure   20 shows NH 3 -TPD spectra of typical monolith samples. Note that the spectra only show desorption from acid sites. It is clearly seen that each sample has acid sites, which indirectly proves that Al-O-Si bonds exist within the samples. Moreover, it was found that the sample synthesized under a lower Si/Al ratio, SAMH-4, has a larger amount of acid sites than the other samples. This result indicates that it is possible to control the amount of acid sites by controlling the Si/Al ratio in the parent sols.
Through the results shown above, it can be concluded that the ice templating method can be applied to a wide variety of hydrogels, and can provide inorganic as well as organic materials with unique hierarchical pore systems.
CONCLUSION
This article overviews the outline of the ice templating method, a newly developed method to obtain porous materials with a unique hierarchical pore system of micro-, meso-and macropores. In this method, the morphology, µm scale structures and nm scale structures of the materials obtained through ice templating can be independently controlled by adjusting synthesis conditions. Therefore, the pore system in materials obtained through ice templating can be tuned so that they can show their maximum performance in the processes they are going to be used in. General features of materials obtained through this method are:
(1) All of the materials obtained through this method have straight µm-sized macropores, if the space formed between aligned fibers and sheets are also considered as macropores.
(2) The lengths of the nanopores are limited by the thicknesses of the sheets and walls, or the diameters of the materials, therefore are extremely short.
Therefore, if the materials obtained through this method are to be used to treat fluids, the pressure drop which is likely to occur can be suppressed to extremely low levels, even though the diffusion paths in the material are extremely short. This feature cannot be achieved using porous materials of conventional morphologies. As this method can be applied to a wide variety of hydrogels, inorganic as well as organic, it is widely expected to provide unique porous materials with enhanced properties which can be used as adsorbents and/or catalysts. 
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